Introduction {#S1}
============

Barnyard millet (*Echinochloa* species) is an ancient millet crop grown in warm and temperate regions of the world and widely cultivated in Asia, particularly India, China, Japan, and Korea. It is the fourth most produced minor millet, providing food security to many poor people across the world. Globally, India is the biggest producer of barnyard millet, both in terms of area (0.146 m ha^--1^) and production (0.147 mt) with average productivity of 1034 kg/ha during the last 3 years ([@B55]). The details on major areas of cultivation and worldwide production are presented in [Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}. Barnyard millet is primarily cultivated for human consumption, though it is also used as a livestock feed. Among many cultivated and wild species of barnyard millet, two of the most popular species are *Echinochloa frumentacea* (Indian barnyard millet) and *Echinochloa esculenta* (Japanese barnyard millet) ([@B150]). Barnyard millet is a short duration crop that can grow in adverse environmental conditions with almost no input and can withstand various biotic and abiotic stresses. In addition to these agronomic advantages, the grains are valued for their high nutritional value and lower expense as compared to major cereals like rice, wheat, and maize. It contains a rich source of protein, carbohydrates, fiber, and, most notably, micronutrients like iron (Fe) and zinc (Zn) ([@B148]; [@B138]; [@B23]) that are related to numerous health benefits ([@B138]; [@B163]). All these features make barnyard millet an ideal supplementary crop for subsistence farmers and also as an alternate crop during the failure of monsoons in rice/major crop cultivating areas ([@B45]).

![Major cultivation and production of barnyard millet around the world (from [@B55]).](fgene-11-00500-g001){#F1}

![World area, production, and productivity scenario of small millets (from [@B55]).](fgene-11-00500-g002){#F2}

Despite barnyard millet's excellent nutritional and agronomic value, the lack of awareness has led this crop to be considered as a neglected and underutilized crop. Over the past decades, efforts made to study the features of barnyard millet are limited compared to other minor millets. So far, most of the studies have been aimed at exploring the knowledge of diversity within the germplasm through morphological ([@B93]; [@B45]; [@B110]; [@B150]; [@B134]) and molecular markers ([@B112]; [@B2]; [@B123]; [@B173]; [@B90]; [@B101]). Also, several studies disclosed the nutritional profile of barnyard millet, particularly the high Fe and Zn content in the grains ([@B170]; [@B138]; [@B23]; [@B134]). However, comprehensive research is needed to understand the accurate details of germplasm accessions, identify the trait-specific donors, develop mapping population, and discover the quantitative trait locus (QTLs) and gene. Genomic resources are helpful for the progress of any crop species and they assist effective characterization of germplasm resources and their subsequent use in the discovery of QTL/gene(s) for the crop improvement program. However, genome research in barnyard millet is still in the early stage and far behind the other minor millets. This is mainly due to the complex nature of the genome (2*n* = 6*x* = 54, hexaploid). Recently, second and third-generation sequencing technologies unlocked several genome sequencing issues and facilitated to identify the genome sequence of wild and transcriptome sequences in cultivated *Echinochloa* species ([@B83], [@B84]; [@B189]; [@B105]; [@B179]; [@B42]; [@B101]). These genome resources facilitated the chance for better genotyping studies such as genetic diversity analysis, development of highly dense linkage maps and accurate physical maps, and detection of QTLs associated with micronutrients and agronomic traits. For instance, [@B173] developed the genome through single nucleotide polymorphism (SNP) markers and analyzed the genetic diversity in the barnyard millet core collection. [@B101] investigated the transcriptional changes between *E. frumentacea* and *E. cru-galli* and discovered genes related to drought and micronutrient content.

Accumulating evidence suggests that the interest in barnyard millet research has increased markedly over recent years; since 2010, more than 350 publications on barnyard millet have been available in the National Center for Biotechnology Information (NCBI) PubMed database^[1](#footnote1){ref-type="fn"}^ (last accessed on December 2019) ([Figure 3A](#F3){ref-type="fig"}). This review discusses the origin and taxonomy, nutritional value and health benefits, stress adaptation as well as the current status of genetic and genomics research in barnyard millet. The final section highlights the research gap and future research directions needed to promote barnyard millet as a potential crop for food and nutritional security.

![Graphical representations of literature and nucleotide sequence availability. **(A)** PubMed (<https://www.ncbi.nlm.nih.gov/pubmed>) **(B)** nucleotide sequence (<https://www.ncbi.nlm.nih.gov/>). (Note: Data verified till December 2019).](fgene-11-00500-g003){#F3}

Origin, Taxonomy and Genomic Relationship of *Echinochloa* Species {#S2}
==================================================================

Barnyard millet belongs to the genus *Echinochloa*, the family *Poaceae*, and the sub-family *Panicoideae* ([@B30]). The genus *Echinochloa* consists of approximately 250 annual and perennial species that are widely distributed in the warmer and temperate parts of the world ([@B16]). However, the lack of clarity over the *Echinochloa* species makes it hard to differentiate themselves via the morphological markers due to low interspecific and intraspecific variations in nature and their phenotype plasticity ([@B24]). Despite this challenge, 35 species have been identified to date for their taxa and phylogenetic relationship through morphological, cytological, and molecular marker studies ([@B181], [@B183]; [@B193]; [@B188]). Among them, most of the *Echinochloa* species, including *E. crus-galli* (allohexaploid, 2*n* = 6*x* = 54), *E. colona* (allohexaploid, 2*n* = 6*x* = 54), *E. oryzicola* (allotetraploid, 2*n* = 4*x* = 36), and others, have been designated as problematic weeds in major crop fields ([@B181], [@B183]; [@B176]; [@B193]; [@B188]; [@B73]). *E. crus-galli* is a predominant weed in rice fields in more than 60 countries, due to its quick germination (even in hypoxic conditions, up to 100 mm deep), rapid growth, mimicking character of rice, broad ecological tolerance, and profuse seed production ([@B19]).

*Echinochloa* species have very few cultivatable forms and thereby are cultivated as minor millet by marginal farmers in warmer and temperate regions of the world. *E. frumentacea* (Roxb.) Link; syn. *E. colona* var. *frumentacea* (allohexaploid, 2*n* = 6*x* = 54), commonly known as Indian barnyard millet, originated from wild *E. colona* (L.) (Jungle rice), and exhibits a parallel line of evolution in India and Africa. *E. frumentacea* species has four races, namely *stolonifera*, *intermedia*, *robusta*, and *laxa*, that are widely cultivated in Central Africa, India, Malawi, Nepal, Pakistan, and Tanzania ([@B35]; [@B164]). Another cultivated allohexaploid species, *E. esculenta* (A. Braun) H. Scholz; syn. *E. utilis* var. *esculenta*; known as Japanese barnyard millet, originated from wild *E. crus-galli* (L.) (Barnyard grass) was domesticated some 4,000 years ago in the temperate regions of Japan ([@B32]; [@B35]). *Utilis* and *intermedia* are two races of *E. crus-galli*, widely cultivated in Japan, Korea, China, Russia, and Germany ([@B32]; [@B183]; [@B164]). Both wild and cultivated *Echinochloa* species are different from each other in terms of growth habitat, general morphology, and other characteristics ([Table 1](#T1){ref-type="table"}). The interspecific relationship between *Echinochloa* species was unclear till a series of prominent taxonomic reports by Yabuno, (1962, 1984, 1996, 2001). The interspecific hybrids between wild species and its progenitor, i.e., *E. crus-galli* × *E. esculenta* and *E. colona* × *E. frumentacea* produce normal meiotic division (27 bivalents) i.e., fertile. But, interspecific hybrids between two cultivated species and their respective wild counterparts, *E. esculenta* × *E. frumentacea* and *E. crus-galli* × *E. colona*, showed irregular meiotic division that leads to sterility ([@B181], [@B182]). Collectively, all the cytological studies reveal the poor genomic affinity among species of *Echinochloa*. Besides, [@B188] confirmed three cross compatible groups identified by [@B181] using chloroplast DNA sequence analysis, and separated these *Echinochloa* complexes into *E. oryzicola* complex, *E. crus-galli* complex, and *E. colona-frumentacea* complex. The *E. oryzicola* complex consists of two weedy species, *E. oryzicola* and *E. phyllopogon*, and one rare cultivated Mosuo barnyard millet. The *E. crus-galli* complex includes four wild species, *E. crus-galli* var. *crus-galli*, *E. crus-galli* var. *praticola*, *E. crus-galli* var. *formosensis*, and *E. crus-galli* var. *oryzoides*, and one major cultivated species, *E. esculenta* (Japanese barnyard millet). The third, *E. colona-frumentacea* complex, consists of one wild species, *E. colona*, and one major cultivated species, *E. frumentacea* (Indian barnyard millet). Further, through molecular analysis, [@B4] reported that, though all these three groups exhibit different cytoplasmic lineages, the nuclear lineage between *E. oryzicola* complex and *E. crus-galli* complex have a higher affinity than *E. colona-frumentacea* complexes proving Yabuno's hypothesis that *E. oryzicola* is the probable paternal parent of *E. crus-galli* ([@B4]). However, information regarding ancestors of *E. colona* and their cultivated *E. frumentacea* remains almost unknown. Therefore, analyses the meiotic behavior of inter or intra specific hybrid combinations through advanced cytogenetic techniques like genomic in situ hybridization (GISH)/fluorescent in situ hybridization (FISH) would not only provides their ancestral information but also differentiate many unresolved genomes of *Echinochloa* species.

###### 

Morphological differences among wild and cultivated species of *Echinochloa* species.

  **Traits**                 ***Echinochloa colona^a^***                                                                                                                                                  ***Echinochloa crus-galli^a^***                                                                                                                               ***Echinochloa frumentacea***                                                                                                                                                                                                  ***Echinochloa esculenta***
  -------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Common name                Jungle rice                                                                                                                                                                  Barnyard grass                                                                                                                                                Indian barnyard millet/sawa millet                                                                                                                                                                                             Japanese barnyard millet
  Synonyms                   *Echinochloa colonum*, *Echinochloa crus-galli* subsp. *colona*, *Panicum colonum*, *Panicum cumingianum*, *Panicum zonale*, and *Milium colonum*, *Oplismenus colonus*      *Panicum crus-galli*, *Panicum hispidulum*, *Milium crus-galli*, and *Pennisetum crus-galli*                                                                  Billion Dollar grass, sawa millet, sama millet                                                                                                                                                                                 Japanese millet, marsh millet, Siberian millet, and white millet
  Origin                     China and Japan                                                                                                                                                              China, Japan, and Korea                                                                                                                                       India, Pakistan, and Nepal                                                                                                                                                                                                     Eastern Asia, Japan, China, and Korea
  Distribution               Widely distributed in South and Southeast Asia, Australia, Africa, Europe, and America                                                                                       Widely distributed in South and Southeast Asia, Africa, Europe, and America                                                                                   Widely distributed in Central Africa, Africa, Temperate Asia, Tropical Asia, Australasia, and South America.                                                                                                                   Widely distributed in India, Temperate Asia, Australasia, and Pacific.
  Habitat                    Annual, warmer region                                                                                                                                                        Annual, temperate region                                                                                                                                      Annual, warmer region                                                                                                                                                                                                          Annual, warm-season
  Cultivable range           --                                                                                                                                                                           --                                                                                                                                                            Altitude below 1,900 m                                                                                                                                                                                                         Altitude up to 2,500 m
  General morphology         Erect to decumbent, 60 cm tall, short leaf length 10-15 cm, red tinges at the basal portion of leaf, leaf blade surface smooth, leaf blades 3--30 cm long and 2--8 mm wide   Erect, 200 cm tall, leaf 10-40 cm long, leaf blade surface smooth, leaf blades 0.5--35 cm long and 6--20 mm wide                                              Erect, 242 cm tall, leaf length 15--40 cm long and 1--2.5 cm wide, plants mostly green, however, purple tinges also found in vegetative and reproductive parts, leaf blades are smooth and glabrous, culms slender to robust   Robust, 60--122 cm tall, leaf sheath smooth 10--50 cm long and 7--25 mm wide, plants green, however, light to dark purple pigmentation in various plant parts, thicker stem
  Inflorescence morphology   Green to purple, inflorescence length 5-15 cm, simple ascending racemes 5--15 numbers, 0.5--3 cm long raceme                                                                 Green to purple, inflorescence length 10-25 cm, compound ascending racemes 5--15 numbers, 2--10 cm long, slightly hairy, green to purplish awns 2-5 mm long   Green to purple, usually erect and compact, inflorescence length 1-28 cm long, racemes numerous 20--70, 1--3 cm long, rarely drooping, awnless                                                                                 Brown to purple, compact inflorescence 12--15 cm long, racemes 5--15 numbers, arcuate to flexuous, 0.5--3 cm long, rarely awned
  Spikelets on panicle       Spikelets arranged in 4 uniform rows on the primary rachis, spikelets 1-3 mm long                                                                                            Open, branched spikelets on the rachis, setae on the primary branches                                                                                         Compact, non-branched spikelets on the rachis, tightly clustered, 2--4 mm long, acute and awnless.                                                                                                                             Compact, branched spikelets, larger spikelets and longer primary branches, dense clustered, 3--4 mm long, shortly cuspidate and rarely awned.
  Caryopsis                  Straw white, brown                                                                                                                                                           Dark gray, brown                                                                                                                                              Turgid, whitish                                                                                                                                                                                                                Dull, pale yellow to light brown
  Seed dormancy              Present                                                                                                                                                                      Absent                                                                                                                                                        Present                                                                                                                                                                                                                        Absent
  Seed shattering            High                                                                                                                                                                         Low                                                                                                                                                           High                                                                                                                                                                                                                           Low
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Plant Architecture, Floral Biology and Seed Traits {#S3}
==================================================

The cultivated barnyard millet is an annual, robust, and tall crop that grows up to a height of 220 cm ([@B33]; [@B118]). The inflorescence is a terminal panicle with varying shapes (cylindrical, pyramidal, and globose to elliptic), colors (green, light purple, and dark purple) and compactness (compact, intermediate, and open) ([@B45]; [@B124]; [@B151]; [@B134]; [@B79]) ([Figure 4](#F4){ref-type="fig"}). Racemes are present in one side, two sides, or around the axis of rachis and vary from 22 to 64 numbers per inflorescence ([@B134]). The arrangement of spikelets is either on one side or around the rachis of the raceme. Each spikelet contains two florets in which the lower floret is sterile and consists of lemma with small palea, while the upper floret is bisexual with a shiny lemma that partially encloses palea. Fertile lemma and palea have three stamens varying from a white color to a dark purplish color with stigma plumose and bifid, ranging from white to dark purple ([Figure 4](#F4){ref-type="fig"}). The two unequal glumes further enclose the seed kernel ([@B44]; [@B148]). Anthesis and pollination progress in the direction from top to bottom of the inflorescence in the early morning (5 am) and reaches a maximum during 6 am -7 am, while it closes at 10 am ([@B157]; [@B61]). [@B157] further reported on the requirement of 10--14 days of duration for the flowering process. Though self-pollination is a strict rule, the reception of stigmatic branches before dehiscence of anther provides some chances for cross-pollination ([@B143]).

![Genetic diversity of various morphological traits of barnyard millet. **(Panel 1)** Ear head diversity of different barnyard millet accessions. **(Panel 2)** Variation in ear head compactness **(a)** compact, **(b)** intermediate, and **(c)** open. **(Panel 3)** Variation in ear head shape **(a)** cylindrical, **(b)** pyramidal, and **(c)** globose to elliptic. **(Panel 4)** Grain variation in color and size of different barnyard millet accessions **(a)** straw white, medium **(b)** light gray, bold **(c)** gray, medium, and **(d)** dark gray, narrow. **(Panel 5)** variation in ear head color **(a)** green, **(b)** medium purple, and **(c)** dark purple. **(Panel 6)** Anther color variation **(a)** white, **(b)** light purple, and **(c)** dark purple. **(Panel 7)** Variation in tillering ability and pigmentation **(a)** high tillers, green, **(b)** medium tillers, light pigmentation, and **(c)** low tillers, dark pigmentation (from [@B124]; [@B134]; [@B79]).](fgene-11-00500-g004){#F4}

Compared to other minor millets like kodo and foxtail millet, barnyard millet grains are less hard. The mature pericarp of the seed consists of two epidermal layers with cells of the inner epidermis completely compressed over the outer epidermis ([@B148]). The cell wall of the aleuronic layer cutinized ([@B194]), and also contains a maximum amount of carbohydrate (57--66%), followed by fiber (6.4--12.2%), protein (5--8.5%), fat (3.5--4.6%), and ash (2.5--4.0%) content. Starch granules are simple and are spherical to polygonal shapes with a diameter of 1.2--10 μm, which is larger than other small millets ([@B78]). The pericarp color of grain differs among genotypes from straw white to light gray and dark gray ([@B134]; [@B79]). The seeds usually germinate easily under proper storage conditions at 12°C and are able to retain their viability for up to 13 months ([@B68]) and beyond, although improper or poor storage may lead to loss of viability in both species of barnyard millet. The seed dormancy, a major limiting factor in the cultivation of small millets, has not been studied yet in detail. However, in barnyard millet, both wild and freshly harvested seeds of cultivated species reported to have seed dormancy ([@B91]; [@B158]; [@B89]). Although the deep physiological dormancy in *E. crus-galli* grain was the most probable feature for its prolonged existence ([@B149]), the innate dormancy present in cultivated *Echinochloa* species further hinders the evaluation or multiplication of seeds in germplasm conservation centers ([@B72]). Despite this, the dormancy breaking treatments in *Echinochloa* also varies with species; some accessions may require light or dark and cold or heat or a combination of both ([@B72]). Seed application of 100 ppm of IAA (Indoleacetic acid) improved germination percentage (18%), speed of germination (5.58 days earlier), and increased the seed length (11%), dry matter (3.80%), and vigor index (21%) ([@B155]). In another study, barnyard millet seeds treated with *Pseudomonas fluorescens* enhanced the seed germination and seedling growth attributes in barnyard millet ([@B152]). This is mainly due to the direct suppression of deleterious pathogens or the indirect production of growth hormones that ultimately increases the uptake, solubilization, and translocation of less available minerals ([@B116]).

*Echinochloa* species are generally considered to be a short-day plant ([@B99]) exhibiting photoperiodism and perform as per the different ranges of photoperiods from short days (8--13 h) to long days (16 h) ([@B91]; [@B95]). For instance, the variety CO (Kv) 2 reported having variable flowering times in temperate and hot regimes within regions of southern parts of India, with hindered uniform grain yield across the state ([@B166]). To alleviate that, the latest variety MDU 1, released in Tamil Nadu, India, has been found to have a short duration along with stable grain yield across the state ([@B166]).

Relevance of Barnyard Millet in Climate Change and Nutritional Security {#S4}
=======================================================================

Responses to Biotic and Abiotic Stresses {#S4.SS1}
----------------------------------------

The *Echinochloa* species generally has potential resistance against various biotic and abiotic stresses. However, cultivated species such as *E. esculenta* and *E. frumentacea* are widely threatened by pest and diseases (i.e., shoot fly, stem borer, grain smut, and loose smut) at different growth stages of the crop ([@B59]; [@B58]). Aphid's infection at the vegetative stage causes considerable yield reduction to *E. frumentacea*. So far, DHBM 996 and TNEF-204 were found to be resistant genotypes for shoot fly and stem borer ([@B132]). Meanwhile, [@B70] reported that some *E. frumentacea* accessions have the potential for antifeeding activity against brown plant hopper, which is among the major pests that affect rice production. On the other hand, loose smut (*Ustilago tritici*) and grain smut (*Ustilago panici frumentacea*) are major fungal diseases that affect the grain formation in both the cultivated species of *Echinochloa* ([@B59]; [@B43]). A heavy infestation of smuts during head formation leads to a significant reduction in grain yield and quality ([@B43]). However, [@B104] and [@B43] showed that some of the *E. esculenta* accessions had the immunity against both smut diseases and further provide the chance to breed the resistance lines.

Abiotic stresses are a major threat to important food crops such as rice, wheat, and maize, and cause serious yield loss across the world. However, *Echinochloa* species have a high degree of tolerance to various abiotic stresses ([@B44]; [@B148]). For instance, a recent investigation from [@B5] showed that among the 89 *Echinochloa* accessions, CO (Kv) 2, MDU 1, PRJ1, TNEf 301, TNEf 204, TNEf 361, TNEf 364, and VL 29 exhibited better germination as compared to the rice variety, White Ponni, at 200 mM NaCl concentration. Similarly, *Echinochloa* species are also the preferable choice of farmers for cultivation in various adverse environments such as those prone to drought or flooding. These features showed that the *Echinochloa* species might have some specialized rhizosphere organizations that can facilitate the uptake and release of oxygen (O~2~) from their roots at stressful conditions. [@B195] reported higher water uptake efficiency (deep root) of barnyard millet (*E. utilis*) over other minor millets, including pearl millet, and found that barnyard millet sustained and increased the water use efficiency, leaf area index, and dry matter production in both drought and flooding conditions. Therefore, it is also worth investigating the *Echinochloa* species mechanism behind the tolerance to drought and flooding stress. Further, identification and characterization of genes and pathways associated with resistance to saline, drought, and flooding stress in *Echinochloa* species may not only be useful to develop superior cultivars but also assist in improving the tolerance in a major cereal crop. It is also well known for its excellent nitrogen-use efficiency over cereal crops ([@B41]) and has been recommended as a natural phyto-extractor in heavy metal (lead, cadmium, and chromium) contaminated soils and sodic soils due to hyper accumulation nature. Since heavy metals are currently of much environmental concern, phyto-based soil reclamation is an alternative, cost-effective, and eco-friendly approach ([@B154]) that needs to be imparted in soil health restoration programs.

Nutritional Significance and Health Benefits {#S4.SS2}
--------------------------------------------

In terms of nutritive value, barnyard millet is superior to major and minor millets. Barnyard millet grains are a rich source of dietary fiber, iron, zinc, calcium, protein, magnesium, fat, vitamins, and some essential amino acids ([@B148]; [@B138]; [@B23]). The nutritional composition of barnyard millet is presented in [Supplementary Table S1](#SM1){ref-type="supplementary-material"}. The average carbohydrate content of barnyard millet varies between 51.5 and 62.0 g/100 g ([@B138]), which is lower than that of other major and minor millets. [@B163] reported that the crude fiber of barnyard millet is higher than any other cereal, ranging between 8.1 and 16.3%. The high ratio of carbohydrate to crude fiber ensures the slower release of sugars in the blood, and so thus aids in maintaining blood sugar level. The resistant starch in barnyard millet has shown to lower blood glucose, serum cholesterol, and triglycerides in rats ([@B78]). In a clinical study with human volunteers, [@B163], confirmed a lower glycemic index (GI) in type 2 diabetic groups during regular consumption of barnyard millet meal. Existing evidence showed that the protein content (11.2--12.7%) in barnyard millet was reasonably higher than other major cereals and millets. Although the total minerals, ash, fat, and amino acid content in barnyard millet were although comparable with other cereals and millets, the iron content in the grain was significantly higher than others. For instance, the iron content in barnyard millet grain is about 15.6--18.6 mg/100 g ([@B138]; [@B134]; [@B166]), which is rationally higher than major cereals and millets. In addition, a lower phytate (3.30--3.70 mg/100 g) content in grains ([@B120]) followed by the dehulling process has also decreased phytic acids significantly, favoring the bioavailability of minerals. This makes barnyard millet an ideal food not only for people with lifestyle diseases, but also for anemic patients and especially women in developing countries. The polyphenols and carotenoids are known to have several potential benefits to humans, and are twofold higher in barnyard millet than finger millet ([@B120]). Similarly, alkaloids, steroids, carbohydrates, glycosides, tannins, phenols, and flavonoids present in barnyard millet have various ethno-medical properties like being antioxidant, anti-carcinogenic, anti-inflammatory, antimicrobial, having a wound healing capacity, biliousness, and alleviating constipation-associated diseases ([@B71]; [@B1]; [@B97]; [@B21]; [@B108]; [@B144]; [@B141]). Collectively, all these features make the barnyard millet a suitable and secured food for present-day consumers in their overall physical and nutritional well-being.

Physico-Chemical Properties and Relationship With Cooking and Value Addition {#S4.SS3}
----------------------------------------------------------------------------

The studies on the physical and mechanical properties of grains are an important criterion to design any processing instruments like dehullers, polishers, sorters, storage, and other processing machineries ([@B148]). In barnyard millet, grain moisture is the prime criteria playing a key role not only in storage but also in the development of processing machineries. The moisture level of barnyard millet grain highly influences the quality as well as the time of milling and polishing ([@B86]). For instance, the 8% moisture content of the grain is better for polishing than at 14% moisture. However, at 14% moisture, the degree of polishing increases grain recovery and decreases the loss of protein, fat, ash, and fiber. Based on this, [@B86] suggested 10% as the optimum moisture level for polishing. Similarly, physical (grain diameter, grain surface area, 1,000 grain mass, true density, dynamic angle of repose, coefficient of internal friction, and coefficient of static friction), aerodynamic (terminal velocity), and mechanical (specific deformation and rupture energy) properties are other major parameters influenced by the moisture content of the grains. All these factors ultimately influence the processing of grains in the machines ([@B148]). Therefore, a study in detail on these properties should be conducted in order to design and develop better milling, polishing, grading, and sorting machineries for barnyard millet.

The cooking and flour quality of the grain are primary standards to assess consumer acceptability. At the same time, different processing techniques aim to increase the storage time of grain/flour as well as increase the physicochemical accessibility of nutrients with reduced anti-nutrient losses during consumption. Barnyard millet grains are usually parboiled-dehulled-cooked and consumed in a similar way to rice ([@B159]). It requires about 12 min to cook. The grain can also transform into flour for the preparation of various food formulation by processing techniques. Nevertheless, different processing methods cause the variations in the functional, nutritional, anti-nutritional, and pasting properties of barnyard millet flour ([@B107]). In addition, physical parameters, such as bulk density and porosity are important criteria in flour storage and oxidation related problems. [@B107] compared the flour of raw and germinated rice for setting up different processing methods for storage and transportation. The study found that the germinated flour exhibited decreased bulk density and porosity (air spacing) than raw rice flour. Therefore, the germinated flours are comparatively less prone to autoxidation than raw rice due to reduced air space between the flour molecules, and this could prevent the spoilage of flour and facilitate easy packaging and enable long-distance transportation. Apart from that, the germinated flours also have an increased oil absorption capacity that makes the flour suitable for enrichment in flavor and mouth feel. Similarly, value-added food products are not only free of anti-nutritional factors but also increase nutritional compounds, making barnyard millet a good base ingredient for infant food formulas. Besides, the flour is highly amenable for various food preparations such as baby foods, snacks, and dietary foods ([@B172]; [@B3]; [@B159]). The flour is also highly compatible to blend with other food flours for making novel or any value-added products without affecting the flavor and taste ([@B169]; [@B159]). For instance, a ready-to-eat snack food can successfully be prepared with barnyard millet, potato mash, and tapioca powder in the ratio of 60:37:3 ([@B62]). However, tannin content (0.21--0.36%) in the grain affects the *in vitro* protein digestibility (IVPD). Although, compared to other small millets (kodo millet and finger millet), it was very low. Therefore, it is suggested that there are many chances for the application of several processing techniques to improve barnyard millet flour quality and nutritional properties, especially in the value-addition strategy of food industries.

Versatile Research and Industrial Applications {#S4.SS4}
----------------------------------------------

The amylose-rich barnyard millet starch has now attracted attention in biodegradable film making industries as an antioxidant packaging material ([@B22]). The incorporation of borage seed oil in barnyard millet starch increases the elongation range and decreases the tensile strength, water permeability, and moisture content properties of the starch, which makes it suitable for biofilm production. These biofilms are found to be resistant against various microbes and block light transparency and free radical formation in food industries ([@B22]). Research on Nanoparticle by [@B76] suggested the use of an aqueous extract from aerial parts of *E. colona* plant in the synthesis of silver nanoparticles (AgNPs) as a new eco-friendly approach in bio-synthesizing nanoparticle in plants. Such synthesis of AgNPs from plant extracts could be a safe and eco-friendly approach with possibilities for application at large-scale in the near future in the field of medicine, engineering, and agriculture. [@B98] reported that *E. esculenta* extract showed antimutagenicity against 3-(5-nitro-2-furyl) acrylic acid in strains of *Salmonella typhimurium* due to its higher polyphenolic content, thereby playing a major role as antioxidants in scavenging H~2~O~2~ radicals. Similarly, a novel antifungal peptide, *EcAMP1*, was identified in the seeds of *E. crus-galli*, a unique antimicrobial peptide with a wide spectrum of antifungal activity against phytopathogens such as *Alternaria*, *Botrytis*, *Fusarium*, and *Trichoderma.* This peptide has a unique disulfide stabilized α-helical hairpin structure that intensively binds to the surface of fungal conidia, accumulates in the cytoplasm, and finally inhibits the elongation of hyphae without lysis of the cytoplasmic membrane ([@B111]). This property could be exploited in future protein engineering technologies for the synthesis of novel antimicrobials in the agriculture and pharmaceutical industries. Besides all these, Barnyard millet has a higher straw yield and fodder value even at multiple cuttings ([@B18]). The fodder yield is about 6.3 tons/ha ([@B166]). Fodder contains a good amount of protein (7.6%), digestible fiber (23%), ash (12%), and fat (2.0%). Besides its superior feed quality, higher digestibility and nitrogen concentrations have meant barnyard millet is used as a potential livestock feed crop in the dry areas of the Deccan plateau to the extreme hills of the temperate sub-Himalayan region ([@B147]; [@B18]; [@B186]; [@B150]).

Germplasm Resources and Utilization {#S5}
===================================

The major collections of barnyard millet germplasm accessions are housed in India and Japan. Vivekananda Parvatiya Krishi Anusandhan Sansthan (VPKAS), India; Indian Institute of Millets Research (IIMR), India; National Institute of Agrobiological Sciences (NIAS), Japan, and Consultative Group on International Agricultural Research like International Crop Research Institute for the Semi-Arid Tropics (ICRISAT), India are actively working on germplasm evaluation for various agronomic, biotic, and abiotic stresses, grain, and nutritional content traits in barnyard millet. India made a series of collaborative exploration missions (i.e., Indo-Australian missions, Indo-Japanese missions, and Indo-Soviet protocol) for the improvement of barnyard millet and other millets with different countries across the world. So far, six hundred and one exotic barnyard millet accessions have been introduced into India between the period of 1976 and 2007 to increase the food and fodder production ([@B40]). The major source of introduction was from Australia, Canada, France, Germany, Ghana, Italy, Japan, Kenya, Malawi, the Philippines, Russian Federation, South Africa, Spain, United States of America, and Yugoslavia. During this period, Indian barnyard millet accessions were also introduced in the United States, Canada, and Australia for feed and forage purposes ([@B40]). At present, 8,000 barnyard millet germplasms have been conserved at different centers throughout the world ([Table 2](#T2){ref-type="table"}).

###### 

Major organizations across the globe conserving the *Echinochloa* species (till December 2019).

  **Country**      **Number of accessions**   **Organization**
  ---------------- -------------------------- -------------------------------------------------------------------------------------------
  India            1888                       National Bureau of Plant Genetic Resources, New Delhi
                   985                        University of Agricultural Sciences, Bangalore
                   749                        International Crop Research Institute for the Semi-Arid Tropics, Patancheru
                   300                        Vivekananda Parvatiya Krishi Anusandhan Sansthan, Almora
                   1561                       Indian Institute of Millets Research, Hyderabad
  Japan            3671                       National Institute of Agrobiological Sciences, Kannondai
                   65                         Plant Germplasm Institute, Kyoto University
  United States    232                        USDA Agricultural Research Service, Washington
                   306                        National Centre for Genetic Resources Conservation, Collins
                   304                        North Central Regional Plant Introduction Station, Ames
  China            717                        Institute of Crop Science, Chinese Academy of Agricultural Sciences, Beijing
  Kenya            208                        National Gene bank of Kenya, Crop Plant Genetic Resources Centre, Muguga
  Ethiopia         92                         International Livestock Research Institute, Addis Ababa
  Australia        66                         Australian Plant Genetic Resource Information Service, Queensland
  Pakistan         50                         Plant Genetic Resources Program, Islamabad
  Norway           44                         Svalbard Gene Bank, Spitsbergen
  United Kingdom   44                         Millennium Seed Bank Project, Seed Conservation Department, Royal Botanic Gardens, London
  Germany          36                         Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben

Source:

http://apps3.fao.org/wiews/germplasm_report.jsp?

To obtain basic knowledge about germplasm, morphological characterization is the preliminary step for characterizing and classifying any collected/introduced materials. This not only provides the heritability of traits but also increases the utility of promising materials in breeding programs. In a study, [@B45] evaluated barnyard millet germplasm at the Himalayan regions of Uttarakhand, India, and identified some promising donors for plant height (\<120 and \>200 cm), productive tillers (\>4), inflorescence length (\>28 cm), raceme number (\>50), raceme length (\>3.1 cm), and grain yield (\>16 g). In another study, to enable efficient use of genetic resources and to increase its access for breeders, barnyard millet core collection comprising of 89 accessions had also been established based on phenotypic and genotypic characterization ([@B164]). It was revealed that the mean difference between 89 core accessions and 736 whole accessions for most of the agronomic traits were not significant, indicating that the entire genetic variation had been sufficiently preserved in this core collection ([@B164]). The coefficient of variation among core germplasm varied from 0.79 to 36.43% for days to maturity and basal tiller number, while the heritability (broad sense) varied between 70.14 and 99.87% for inflorescence length and days to maturity, respectively.

Further, the multidimensional principal component analysis (PCA)-based phenotypic characterization of these 89 accessions resulted in three different groups for agronomic and other phenotypic traits based on its origin ([@B150]). The study has also identified some promising genotypes, which could be efficiently used in a breeding program for the improvement of early maturity, grain yield, and yield contributing traits. Similarly, the IIMR, Hyderabad, evaluated the 146 barnyard millet accessions and found a larger variation for grain yield and yield contributing traits, which led to the identification of 18 promising accessions for barnyard millet breeding programs ([@B54]). A comparison of agronomic traits from various trials conducted across India is given in [Supplementary Table S2](#SM1){ref-type="supplementary-material"}, which revealed barnyard millet genotypes to have considerable variation for yield and yield-related traits. For instance, the genotypes with higher grain yield and yield contributing traits (panicle length, number of raceme, and grain yield) were identified in the Southern States of India viz., Telangana and Tamil Nadu. In contrast, early maturing (58--90 days) genotypes were mostly found in the Northern States of India.

On the other hand, registration of trait-specific germplasms in the National Gene Banks (NGB) not only protects the natural resources from Intellectual Property Rights (IPRs) but also facilitates the breeders to access important/valuable genotypes for any crop improvement programs. In crop plants, 60% of the registered traits of germplasms belong to cereals, oilseeds, and legumes for resistance against various biotic and abiotic stresses. With regard to cereals, the maximum number of germplasms were registered in paddy and wheat mainly for biotic stress related traits ([@B126]). However, in millets except for sorghum and pearl millet, most of them were registered with limited traits only, mainly, cytoplasmic male sterile (CMS) line in foxtail millet ([@B126]), waxy trait in proso millet ([@B139]), and easy de-hulling in barnyard millet. The registered barnyard millet genotype B29 by VPKAS, Almora, showed a 42--146.4% faster de-hulling percentage over other check varieties ([@B46]). Therefore, despite the focus on higher grain yields alone, barnyard millet breeding programs should also include the strategy of registration of unique traits that might be conserved in the landraces, germplasms, or rejected entries from the evaluation trials.

The successful utilization of barnyard millet genetic resources resulted in the release of more than 20 varieties and cultures across India ([@B40]). The first variety of K1 was developed by the pureline selection method from local landraces of Tenkasi, Tamil Nadu, India, released during 1970, which possesses an average state yield of 1,000 kg ha^--1^. Later, several varieties were released against various pests and diseases across India through pureline selection from local landraces or exotic germplasm accessions. Among these, the notable variety PRJ 1, a direct selection from exotic collections of ICRISAT was released during 2003, by Vivekananda Institute of Hill Agriculture, Almora, Uttarakhand, India, possess a higher grain yield (2,500 kg ha^--1^) with resistance against various smuts ([@B165]). Recently, MDU 1, a variety developed by Agricultural College and Research Institute, Tamil Nadu Agricultural University, Madurai, India, through pureline selection of local landrace of Tamil Nadu possesses the characteristic features of short duration (\<100 days) and higher grain yield (2,500 kg ha^--1^) ([@B166]). Besides, this variety also possesses a higher amount of iron content (16 mg/100 g) in the grains with good milling and cooking quality. In Japan, the "Noge-Hie," a low amylose grain-containing cultivar was identified from a local landrace possessing natural deletion in one of three waxy genes ([@B51]). At the same time, "Chojuromochi," a mutant developed through artificial γ-radiation, was completely devoid of Waxy (*Wx*) protein synthesis. In addition, the waxy protein trait was found to be stably inherited. Such glutinous variety in barnyard millet is in huge demand from Japanese consumers and industries for various food preparations similar to rice from paddy.

Hybridization is a difficult task in small millets, however, the hot water-based method followed by the contact method of crossing was found to be effective in finger millet ([@B127]; [@B106]) and foxtail millet ([@B146]). The same method was also applied in barnyard millet hybridization programs ([@B133]; [@B150]). Prior to pollination (early morning), the panicles which started flowering were selected for emasculation ([@B133]; [@B150]). The selected panicle was trimmed for 1/3rd portion by removing the opened and immature flowers in the respective upper and lower portions of the racemes, and then the remaining middle portion was immersed in hot water at 52°C in a thermos flask for 1 min. The emasculated panicles were then covered with butter paper bags to avoid contamination. The panicles in which flowering had already commenced were chosen as a pollinator source and panicle to panicle contacts were made by tying them together with a thread. The male and female panicles thus secured together were covered by a butter paper bag to avoid contamination with foreign pollen. However, priority should be given for the development of CMS line in barnyard millet for the better exploitation of variability as followed in foxtail millet.

Genomic Resources and Utilization {#S6}
=================================

Whole genome sequence (WGS) is fundamental to understand the genome composition and gene repertoire of a crop. It helps to identify important genes and pathways related to economically important traits in crops. Recent advances in second and third-generation sequencing technologies have facilitated simple and cost-effective sequencing platforms to generate genome and transcriptome sequences. Among millets, the whole genome sequencing was completed in sorghum, pearl millet, foxtail millet, finger millet, and proso millet by various researchers ([@B196]; [@B88]; [@B50]; [@B168]; [@B200]). Genomic resources are also considerably well-defined in sorghum, pearl millet, foxtail millet, and finger millet due to the presence of genetic linkage maps, physical maps, cytogenetic stocks, and large-insert libraries (as reviewed by [@B167]; [@B40]). However, in barnyard millet, very limited attempts have been made to discover the genomic structure and associated downstream processes due to its genome complexity and lack of research funding on this orphan crop.

Chloroplast Genomes and Phylogeny Analysis {#S6.SS1}
------------------------------------------

The chloroplast genome of *Echinochloa* is highly conserved for its genome structure, organization, and gene order ([@B191]). So far, chloroplast genomes of seven *Echinochloa* species including *E. crus-galli*, *E. ugandensis*, *E. stagnina*, *E. colona*, *E. esculenta*, *E. frumentacea*, and *E. oryzicola* ([@B191]; [@B121]; [@B81]; [@B142]) have been sequenced. It revealed their genome structure (quadripartite), identity (99.5%), and size (139,592--139,851 bp) of the chloroplast genomes. The quadripartite structure generally confers a major impact on the evolution of plastome sequences of an organism ([@B189]). Such a quadripartite genome comprises a pair of inverted repeats (IR) separated by a small single-copy region (SSC) and a large-single copy region (LSC). The comparison of chloroplast genomes of wild and cultivated *Echinochloa* is given in [Table 3](#T3){ref-type="table"}. The size of IR, LSC, and SSC regions varied from 22,618 to 22,748, 81,837 to 82,053, and 12,518 to 12,519 bp, respectively. Similar to other angiosperms, the chloroplast genome of *Echinochloa* species comprises of 38.6% GC regions and 61% AT regions ([@B142]). In contrast, the number of genes varied from 111 to 131 among the species of *Echinochloa*, with the cultivated species exhibiting minimum. This could be mainly due to the reorganization of gene copy number and structure during the course of evolution or speciation. The divergence in copy number of any gene further creates the genetic polymorphism between the species, which contributes a major variation in their genome size and phenotype ([@B160]). As reported in angiosperms by [@B178], the high morphological variation among the wild and its cultivated species occurs due to the consequences of genome reorganization during the evolutionary process. The comparative analysis of *Echinochloa* chloroplast genomes revealed that they are closer to the *Panicum virgatum* than other grasses ([@B191]). Further, molecular divergence clock analysis of grass species revealed that *Echinochloa* species had diverged 21.6 Mya than others. The wild species, such as *E. oryzicola* and *E. crus-galli*, diverged around 3.3 Mya while another wild species, *E. colona*, diverged from *E. oryzicola* and *E. crus-galli* between 2.65 and 3.18 Mya, respectively ([@B81]). Later, the cultivated species (*E. frumentacea*) diverged from *E. oryzicola* and *E. crus-galli* in and around 1.9--2.7 Mya ([@B121]) ([Figure 5](#F5){ref-type="fig"}). However, both wild and cultivated *Echinochloa* species have a high sequence identity with *P. virgatum* and *Sorghum bicolor* and low sequence identity with *Triticum aestivum* and *Oryza sativa* ([@B191]), which further concludes that *Echinochloa* species are more closely related to the *P. virgatum* and *S. bicolor* than *Triticum* and *Oryza.*

###### 

Summary statistics of chloroplast genomes for wild and cultivated barnyard millet.

  **Genome composition**               ***E. crus-galli*^a^**   ***E. colona*^b^**   ***E. esculenta*^c^**   ***E. frumentacea*^d^**
  ------------------------------------ ------------------------ -------------------- ----------------------- -------------------------
  Genome size (bp)                     139,851                  139,592              139,851                 139,593
  Inverted Repeat size (bp)            22,640                   22,618               22,748                  22,618
  Large-single copy region size (bp)   82,053                   81,837               81,837                  81,839
  Small-single copy region size (bp)   12,518                   12,519               12,518                  12,518
  Number of genes                      131                      131                  111                     112
  Number of Protein coding genes       88                       88                   76                      77
  Number of tRNA                       40                       40                   30                      30
  Number of rRNA                       4                        4                    4                       4
  GC contents (%)                      38.6                     38.6                 38.6                    38.6

a

Ye et al., 2014

;

b

Lee et al., 2017

;

c

Sebastin et al., 2019

;

d

Perumal et al., 2016

.

![Phylogenetic tree showing relationships among *Echinochloa* species and grass species (from [@B121]).](fgene-11-00500-g005){#F5}

Transcriptome Analysis {#S6.SS2}
----------------------

With the advent of next-generation sequencing technologies (NGS), RNA-seq (RNA-sequencing) has now superseded the previous microarray technologies and a huge number of genomic resources are being generated in a cost and time effective manner ([@B177]). It not only generates differential genes, but also the functional molecular markers like simple sequence repeats (SSRs) and SNPs in various minor millet species. Enormous transcript profiles have been developed in weedy *Echinochloa* species till date for various traits associated with invasiveness and adaptations such as herbicide resistance, photosynthesis, flooding response, and other homeobox genes ([@B83], [@B84]; [@B189]; [@B105]; [@B179]; [@B42]; [@B38]). Recently, transcriptome sequences developed from cultivated *E. frumentacea* variety CO (Kv) 2, yielded 97,065 transcripts with an average length of 94 Mbp ([@B101]). Further *de novo* assembly, functional annotation, and comparison to *E. crus-galli* transcripts identified some key genes regulating Fe and Zn accumulation and drought tolerance. In addition, the study also generated 300 SSR primer pairs from 10,881 SSR loci targeting major repeats of trinucleotide (122) followed by dinucleotide (121), tetra-nucleotide (35), penta-nucleotide (20), and hexa-nucleotide (2).

A review of transcriptomes data in the NCBI database has revealed the presence of 952 gene sequences to date, generated from *E. crus-galli* (170), *E. oryzicola* (132), *E. frumentacea* (130), *E. esculenta* (130), *E. colona* (130), *E. ugandensis* (131), and *E. stagnina* (129). The details of transcriptome sequences published in the NCBI database were consolidated and presented in [Table 4](#T4){ref-type="table"}. Most of the genes were related to photosynthesis (PS I, PS II, NADH-plastoquinone *oxidoreductase*, ATP *synthase*), C4 pathways (phosphoenolpyruvate *carboxylase*, *aldolase*, *maturase* K, *kinase*), micronutrient transportation \[Fe^2+^ transport protein 2-like protein (*IRT2*) gene, *nicotianamine synthase* 1 (*NAS1*), *nicotianamine synthase* 2 (*NAS2*), *polymerases* (RNA, DNA)\], herbicide resistances (*1-aminocyclopropane-1-carboxylic acid synthase* 3, *acetolactate synthase*, calcineurin, cyclophilin 2, cytochrome P450, GH31, *glutathione S-transferase*), flooding tolerances (*enolase*, *alcohol dehydrogenase*), waxy grains (*granule-bound starch synthase*), non-shattering grains (*sh*~4~), ribosomal RNA, and transfer RNAs, etc. The proteomics exploration also revealed that a total of 540 proteins are found to be commonly expressed in *Echinochloa* species, of which most of the annotated protein sequences are tRNA, ribosomal, and other photosystem proteins. In addition, most of the proteins found in the *Echinochloa* species showed orthologs among themselves for proteins of C~4~ pathways, calcium binding protein, photosynthesis, *bZIP* transcription factor 1, translational initiation factors, transporters, and hypothetical proteins, etc. ([@B189]). However, some uniquely expressing proteins were also identified in the *Echinochloa* species. For instance, the maximum expression of quinclorac-resistant proteins, Cu/Zn superoxide *dismutase*, defensin, cadmium tolerant, viral nucleoprotein, and antimicrobial peptides was observed in *E. crus-galli* ([@B114]), multiple-herbicide-resistant proteins in *E. phyllopogan* ([@B57]), and *granule-bound starch synthase* in *E. esculenta* ([@B56]). However, we require more research/data to draw a valid conclusion on the species-specific expression.

###### 

Details of transcriptome sequences of *Echinochloa* species.

  **Species**                         **Parts**   **Data generated (Gb)**   **Platform**                     **Accession number**
  ----------------------------------- ----------- ------------------------- -------------------------------- --------------------------
  *E. frumentacea*                    Leaf        18.3                      ILLUMINA (Illumina HiSeq 2500)   [SRX5210765](SRX5210765)
  *E. frumentacea*                    Leaf        48.6                      ILLUMINA (NextSeq 500)           [SRX3029505](SRX3029505)
  *E. esculenta*                      NA          11.6                      ILLUMINA (Illumina HiSeq 2000)   [SRX2698648](SRX2698648)
  *E. crus-galli* var. *zelayensis*   Leaf        07.3                      ILLUMINA (Illumina HiSeq 2000)   [SRX3574154](SRX3574154)
  *E. crus-galli*                     NA          32.8                      PacBio                           [SRX3081138](SRX3081138)
  *E. colona\**                       Leaf        11.6                      ILLUMINA (Illumina HiSeq 2500)   [SRX2588690](SRX2588690)
  *E. stagnina*                       Leaf        02.4                      ILLUMINA (Illumina HiSeq 2500)   [SRX3330321](SRX3330321)
  *E. stagnina*                       Roots       01.5                      ILLUMINA (Illumina HiSeq 2500)   [SRX3330365](SRX3330365)
  *E. glabrescens*                    NA          05.0                      ILLUMINA (NextSeq 2000)          [ERX990971](ERX990971)
  Barnyard millet core collection     NA          69.0                      ILLUMINA (Illumina HiSeq 2500)   [SRX734221](SRX734221)

∗

Imazamox (herbicide) treated; NA, not available. Source:

https://www.ncbi.nlm.nih.gov/search/all/?term=echinochloa.

.

Genome Sequence {#S6.SS3}
---------------

Research conducted in China released the whole genome sequence of weedy *E. crus-galli* during 2017 and was annotated successfully for its unique nature of invasiveness and adaptation in the fields of crop plants ([@B42]). The total sequence length of the genome at a depth of 171× was estimated to the size of 1.27 Gb, representing around 90.7% of the predicted genome size. The genomic libraries range between^[2](#footnote2){ref-type="fn"}^ 160 bp and 20 Kb with a total number of contigs of 4534 with minimum and maximum contigs size of 1 kb and 11.7 Mb, respectively. The gene annotation of *E. crus-galli* further revealed 108,771 protein-coding genes, 785 miRNAs, 514 Mb repetitive elements, and non-coding RNAs. As of 2019, the genomic resources available in the NCBI domain include 1,246 nucleotide sequences, 822 gene sequences, 2,468 protein sequences, 105 short read archive (SRA) sequences, 74 Expressed Sequence Tags (ESTs), and one Gene Expression Omnibus (GEO) dataset related to various species of *Echinochloa*. Among the species *E. crus-galli* (652), *E. oryzicola* (126), *E. phyllopogon* (96), *E. colona* (76), *E. pyramidalis* (46), *E. esculenta* (44), *E. frumentacea* (43), and *E. oryzoides* (32) hold the maximum number of sequences ([Figure 3B](#F3){ref-type="fig"}). To date, 54% of nucleotide sequences are available for *E. crus-galli*, while cultivated barnyard millet *E. frumentacea* and *E. esculenta* have only 4%. The comparative scenario of genomic resources among small millets is presented in [Supplementary Table S3](#SM1){ref-type="supplementary-material"}, which further emphasized the need to enrich the cultivated barnyard millet genome in the future.

Molecular Markers and Its Application {#S6.SS4}
-------------------------------------

### Genetic Diversity Analysis {#S6.SS4.SSS1}

Molecular markers are nucleotide sequences that are widely used for genetic diversity, linkage map construction, and marker assisted selection of crop plants ([@B102]). Early in the period of molecular marker research, Random Amplified Polymorphic DNA (RAPD) markers were utilized to access the genetic diversity and phylogeny among *Echinochloa* species ([@B49]). [@B49] proving that RAPD markers are effective in distinguishing both the cultivated and wild progenitors of the *Echinochloa* species at the genomic level. The genetic diversity among *E. frumentacea* was also found to be more diverse than *E. utilis* populations. However, isozyme marker analysis between these two species revealed that the accessions within the same species formed two different clusters and accessions from different species grouped into the same cluster, creating the possibility of the existence of intergrades and overlaps between the species ([@B122]). Previously, [@B137] obtained 90 polymorphic bands using 21 primer pairs with an average of 4.3 alleles per primer and [@B136] obtained 75 polymorphic bands using 13 primer pairs with an average of 5.8 alleles per primer. This suggests a low exhibition of polymorphism in the germplasm by the RAPD markers. The low level of polymorphism using RAPD markers has also been previously reported in finger millet diversity studies ([@B103]). Notwithstanding, the Amplified fragment length polymorphism (AFLP) marker system later developed a higher ability in revealing the genetic diversity in *Echinochloa* species compared to RAPD markers ([@B31]; [@B161]), since it generates more alleles per primer. For instance, a total of 166 polymorphic bands were produced in four primer pairs with an average of 41.5 per primer pairs in 28 genotypes. Whereas, the polymorphism information content (PIC) value of markers ranged between 0.44 and 0.52 ([@B69]). This was in accordance with the previous report of [@B161], where seven primer pairs produced 156 polymorphic bands with an average of 22.3 alleles per primer in 80 genotypes. Similarly, polymerase chain reaction--restriction fragment length polymorphism (PCR-RFLP) techniques were successfully applied for species identification in *E. oryzicola* and *E. crus-galli* ([@B188]; [@B190]). Recently, InDel markers for *rbcL*, *matK*, and *ITS* genes identified in *E. colona* have been widely used as a cost effective approach in the DNA barcoding of *E. colona*, *E. oryzicola*, and *E. crus-galli* ([@B82]). All these studies emphasized that with insufficient sequence information, the RAPD and isozymes markers are the only choice, not only helpful in differentiating *Echinochloa* species, but also in laying the foundation for molecular breeding in barnyard millet.

Later on, a significant development in the sequencing technologies further eliminated the limitations present in the RAPD, RFLP, and AFLP techniques through sequence-based markers such as SSRs, EST-SSRs (Expressed sequence tags-simple sequence repeats), and SNPs. The sequenced-based markers are more desirable in genetic diversity studies due to their co-dominant, reproducible, highly polymorphic, and effective utilization in many crop plants ([@B85]). The information available on sequence-based markers in barnyard millet is still in its infancy, despite the reports of microsatellite markers related to genetic diversity studies in germplasm accessions gaining attention today. For instance, utilizing five SSR markers, 155 accessions of *Echinochloa* species including *E. esculenta* (49), *E. crus-galli* (94), and *E. esculenta* var. *formosensis* (12) were grouped into three separate clusters ([@B112]). The same study reported that the accessions belonging to *E. esculenta* were less diverse than those of *E. crus-galli* or *E. esculenta* var. *formosensis*. More recently, the ESTs markers also been proven to be a very informative and effective tool for the analysis of genetic diversity in many small millets. Extensive transcriptomics and annotation studies previously performed on herbicide resistant varieties of *E. crus-galli* resulted in 74 ESTs ([@B84]; [@B189]). However, those ESTs were limitedly used in the marker development and diversity studies in barnyard millet, since they are weedy ancestors. For instance, the *in silico* mining of *E. crus-galli* ESTs resulted in the identification of 22 pairs of EST-SSR primers ([@B11]). The study also reported that frequent SSR repeats were found to be tetra-nucleotide repeat followed by the penta- and hexa- nucleotide repeats. Among the repeats, GT (dimer), AGG and AGA (trimer), CAAA (tetra), TGTTT (penta), and AGACGA (hexa) were the most common type of repeat motifs in barnyard millet. On the other hand, a restriction-site associated DNA (RAD) approach combined with Illumina DNA sequencing strategy was performed in *E. phyllopogon* for the rapid and mass discovery of SSR and SNP markers by [@B25]. This study yields sequencing reads of 4132 contigs, of which 4710 are annotated to be putative SSRs and 49,179 are probable SNPs. Out of 4710 putative SSR markers, 78 were potentially polymorphic. Besides, the most frequent motif was AT and maximum motif length was dinucleotide type (\>82%) followed by tri, tetra, penta, and hexa. The further validation of eight SSRs in four *E. phyllopogon* population resulted in 66 alleles with an average of 3.1--4.8 alleles from locus per population. Moreover, the study also identified a higher percentage of GC (48.9%) content in the genome, proving their successful nature of adaptation against freezing and desiccation, with GC% indicating more stability in an organism. Hence, SSRs and SNPs markers developed from *E. phyllopogon* may be very useful in studying not only the diversity, origin, and distribution of herbicides-resistant population ([@B117]; [@B115]), but also for predicting gene location and molecular breeding in cultivated types. Recently, [@B90] and [@B101] used EST-SSR markers developed from the cultivated, *E. frumentacea* transcriptome sequence to analyze the genetic diversity of Indian barnyard millet germplasm. [@B90] used 51 EST-SSR markers to study the genetic diversity of 61 barnyard millet germplasms. Among 51 EST-SSR markers, 14 were polymorphic and produced 29 alleles with the PIC value ranging between 0.276 and 0.652. Similarly, [@B101] identified 10 polymorphic markers from 30 EST-SSRs and showed clear polymorphism in the 30 Indian barnyard millet germplasms.

Apart from SSR markers, a total of 21,000 SNPs were identified and characterized through the whole-genome genotyping-by-sequencing (GBS) method using core germplasm comprising of 95 barnyard millet accession ([@B173]). About 10,816 out of 21,000 SNPs were spread across 65 biotypes of *E. colona*, and 8,217 SNPs across 22 biotypes of *E. crus-galli*. The SNPs discriminating among *E. colona* and *E. crus-galli* biotypes were 1,299 and 1,444, respectively. Further, population structure analysis with SNPs strongly separated these two species with four clusters in *E. colona* and three clusters in *E. crus-galli* ([@B173]).

### Gene/QTL Mapping {#S6.SS4.SSS2}

The use of molecular markers such as SSRs and SNPs provide opportunities for breeders to identify the QTL/gene(s) for important micronutrient and agronomical traits in barnyard millet. So far, many SSR and SNP markers ([@B173]; [@B25]; [@B90]; [@B101]) have been developed to speed up the linkage map construction and QTL mapping in barnyard millet, but no genetic linkage map or QTLs published yet compares to other millets such as foxtail millet and finger millet ([Supplementary Table S4](#SM1){ref-type="supplementary-material"}). To date, two mapping studies only have been published on barnyard millet ([Table 5](#T5){ref-type="table"}). [@B56] identified functional SNP markers for waxy traits and found that these waxy traits are controlled by three loci, namely *EeWx1*, *EeWx1*, and *EeWx3*. The plants with functional alleles in all three loci exhibited normal amylose content (wild), while any one of the alleles (natural mutant) and/or completely homozygous mutant alleles (artificial mutant) exhibited low amylose and very low amylose content (waxy), respectively. Besides, the phylogenetic analysis also revealed that the waxy gene sequences are highly conserved among grass species. In another study, bulk segregant analysis (BSA) and 51 EST-SSR markers were used to analyze the F~2~ individuals of ACM 331 × MA 10, contrast parents for anthocyanin pigments, and the results showed that the SSR marker, BMESSR 39, was linked with anthocyanin pigments in barnyard millet ([@B135]). Conclusively, progress in barnyard millet genome mapping remains slow and is still in its initial stage. Moreover, these published two reports contain preliminary results only; further experimental investigation is required to apply for marker-assisted selection (MAS).

###### 

Molecular markers associated with waxy and anthocyanin pigment traits in barnyard millet.

  **Markers**   **Trait**             **F~2~ Mapping population**                         **Segregation ratio (χ^2^ analysis)**   **References**
  ------------- --------------------- --------------------------------------------------- --------------------------------------- ----------------
  SNP           Waxy                  Wild × Mutant (γ) and Natural mutant × Mutant (γ)   3:1 and 63:1                            [@B56]
  ESTSSR        Anthocyanin pigment   Pigmented × Green                                   1:2:1                                   [@B135]

SNP, single nucleotide polymorphism; ESTSSR, EST-derived simple sequence repeat, EMS, ethyl methane sulfonate.

Comparative Genomics and Synteny Analyses {#S6.SS5}
-----------------------------------------

Comparative genomics studies brought considerable benefit to barnyard millet crop. Mainly, SSR markers obtained from the cereals and millets were successfully utilized to characterize the barnyard millet germplasm. The summary of cross transferable molecular markers developed in other cereals and millet are presented in [Table 6](#T6){ref-type="table"}. Due to the non-availability of whole genome sequencing in barnyard millet, the genomes of rice, maize, finger millet, and foxtail millet have served as essential models to study the marker-based syntenic relationships. The genomic SSR (gSSR) markers developed through *in silico* mining of the foxtail millet sequence showed a high degree of cross-transferability in barnyard millet and other related small millet species. Among the 159 gSSRs, 58 were found to show consistent amplification in barnyard millet, that is, 91.3% cross-species amplification ability ([@B119]). Similarly, 106 eSSR (EST-derived simple sequence repeats) markers from *Setaria* showed consistent amplification in millet and non-millet species and also exhibited high cross species transferability in barnyard millet (90.6%) ([@B77]). [@B102] reported that 100 out of 5,000 intron-length polymorphic markers (ILP) mined from the foxtail millet genome showed amplification in various small millets with 94 percentage cross-transferability in barnyard millet. [@B187], also found that the rice genic SSR primers from calcium transporters and calcium kinases group showed 100% and 72.2% cross transferability, respectively, in barnyard millet.

###### 

Transferability details of cross cereal species markers to barnyard millet.

  **Species**     **Marker**   **Number of amplified markers**   **PIC**      **Polymorphic marker**   **Cross-transferability (%)**   **References**
  --------------- ------------ --------------------------------- ------------ ------------------------ ------------------------------- ----------------
  Finger millet   eSSR         15/104                            NA           NA                       14.2                            [@B6]
                  gSSR         20/132                            NA           NA                       15.5                            [@B6]
                  eSSR, gSSR   33/101                            NA           NA                       55.4                            [@B74]
                  SSR          07/18                             0.16--0.53   06                       85.7                            [@B12]
                  SSR          32/32                             0.27--0.73   29                       90.6                            [@B13]
  Pearl millet    SSR          10/32                             NA           NA                       31.2                            [@B6]
  Foxtail         SSR          53/58                             NA           NA                       91.3                            [@B119]
                  eSSR         106                               0.00--0.48   NA                       90.6                            [@B77]
                  ILP          94/100                            0.03--0.47   NA                       94.1                            [@B102]
                  SSR          46/64                             0.02--0.66   NA                       73.4                            [@B48]
                  SSR          7/26                              NA           2                        65.38                           [@B74]
  Sorghum         eSSR         42                                NA           NA                       80.9                            [@B187]
  Rice            eSSR         102                               NA           NA                       72.1                            [@B187]
                  SSR          85/120                            0.15--0.67   41                       48.2                            [@B13]
  Maize           SSR          32/46                             0.25--0.73   26                       70.0                            [@B12]

SSR, simple sequence repeat; eSSR, EST-derived simple sequence repeat; gSSR, genomic simple sequence repeat; ILP, intron length polymorphism; PIC, polymorphic information content; NA, not available.

The orthologs and paralogs analyses of the genome *E. crus-galli* against some of the grass family revealed that the approximate divergence times of *Oryza* -- *Sorghum* and *Sorghum -- Echinochloa* were estimated to be 48.5 and 28.5 Mya, respectively, followed by the polyploidization and speciation events by 7.8 Mya ([@B42]). Three copies of gene clusters related to the biosynthesis of DIMBOA (2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one), a unique allelopathic compound reported in maize ([@B37]), were found in the *E. crus-galli* genome and each of them showed a perfect synteny with segments of BX1-5 and BX8 of the maize genome. Similarly, *E. crus-galli* also exhibited synteny with rice for momilactones, a phytoalexin compound expressed to protect against blast pathogens ([@B42]). [@B11] also found homology of some barnyard millet ESTs against the chromosomal regions of 2, 5, 6, 8, 9, and 12 of rice, the waxy gene of maize, *granule-bound starch synthase* I (GBSSI-S) gene of *Panicum repens*, *Setaria italica*, *Panicum miliaceum*, and super oxide *dismutase* (SOD) gene of *Colletotrichum eremochloae*. On the other hand, [@B12];[@B13]) compared rice, maize, and finger millet gSSRs for cross species amplification in barnyard millet and reported that maize and finger millet SSRs exhibited higher PIC values, efficient cross species amplification, and polymorphism percentage than rice SSRs. However, the comparative genetic mapping between rice and barnyard millet showed several putative syntenic regions across the genome that regulated the traits including seed dormancy, plant height, panicle length, spikelet characters, leaf senescence, seed weight/yield-related traits, shattering character, root traits, blast resistance, brown plant hopper (BPH) resistance, and amylose content ([@B13]). Eventually, using the available literature in the published reports, we concluded that EST-derived SSR markers had higher cross-genome amplification than genomic SSR markers, indicating higher conservation of the former than the latter across the species of the grass family. Therefore, cross transferability mechanisms could be exploited in barnyard millet for trait-based marker identification.

Conclusion and Future Prospects {#S7}
===============================

Despite its nutritional and agronomic benefits, barnyard millet has remained an underutilized crop and has received very little attention from researchers as well as farmers across the globe. Barnyard millet breeding programs have stagnated due to limited funding from various funding agencies and research organizations. Therefore, considerable efforts are needed to develop varieties or hybrids with farmer/consumer preferred traits. More breeding programs have to be designed in the future for harnessing the genetic variability for high yield potential, yield stability, improved salinity tolerance, pest and disease resistance, as well as enhanced nutritional quality, especially micronutrient composition. However, the progress of barnyard millet breeding programs is very slow due to the lack of genetic and genomic resources. With respect to genetic resources, the size of the core collection in barnyard millet is comparatively less than that of other minor millets (foxtail and finger millet) and so far, breeding populations have not been developed. Therefore, core and mini-core collections representing maximum diversity as well as bi-parental and multiparent populations have to be established and evaluated for various nutritional and agronomic traits. These resources will be useful to track the genomic regions associated with targeted traits by the linkage-based QTL mapping, genome-wide association study (GWAS), and genomic selection (GS), as well as for the detection of candidate genes.

Despite genome research in barnyard millet being at its infancy and far behind other minor millets, transcriptome sequencing has allowed researchers to develop several genomic resources, including EST-SSRs and SNPs, that could be useful for marker-assisted breeding. However, extensive efforts are needed in the future to develop the reference genome, genome-wide SSR and SNP markers, construction of genetic linkage maps, and physical maps. The recent release of the genome sequence of a weedy ancestor (*E. crus-galli*), together with the genomic resources from major and minor millet crops, offers an initial framework for enriching genomic research in an orphan crop like barnyard millet by comparative genomic approaches. It is also fruitful to use the *E. crus-galli* genome as a reference genome for cultivated barnyard millet species similar to the case in bread wheat. It helps not only to understand the genome composition of cultivated barnyard millet species and increases mapping accuracy, but also helps us to know the effect of variants on protein function.

Barnyard millet is a potential crop for the biofortification of micronutrients. The grains of barnyard millet are rich in micronutrients (Fe and Zn) and hence, the identification of potential genes related to the accumulation of micronutrients (Fe and Zn) will be helpful to transfer these genes to high yielding barnyard millet cultivars or even to other major crops like rice, wheat, maize, etc. Strategies for the improvement of micronutrients in barnyard millet are presented in [Figure 6](#F6){ref-type="fig"}, which are also applicable to other agronomic traits. Furthermore, barnyard millet is well adapted to both warm and temperate regions and it is a rich source of genes responsible for stress tolerance. Therefore, understanding the molecular mechanism of plant responses to stress in inherently stress-tolerant crops such as barnyard millet will be useful in developing highly stress-tolerant cultivars. So far, several stress tolerance genes were identified in barnyard millet, but the function of these genes has not been tested by overexpression studies, mainly due to the lack of a genetic transformation system. To date, very limited reports have been published on genetic transformation in barnyard millet. Therefore, there is an immense need to develop an efficient transformation system for barnyard millet in the future so that it also paves the way for functional genomics studies related to tolerance against biotic and abiotic stresses as well as micronutrient traits.

![Schematic representation of the proposed strategy for micronutrient improvements in barnyard millet.](fgene-11-00500-g006){#F6}

Besides these research gaps, the farming community is still unaware of the true potential of barnyard millet cultivation in terms of nutritional value and productivity. Farmers generally cultivate this crop under marginal areas, but they still depend on low yielding local landraces. Therefore, support from non-government organizations (NGOs) can help in increasing awareness among the farmers, stakeholders, nutritionists, and consumers to adopt and promote barnyard millet cultivation as well as consumption. Moreover, being a polyploid, ratooning (or) multi-cutting practices have to be standardized, like in sorghum, for better utilization of the growing season for grain and green fodder production. There is also an urgent need for advancements in post-harvest technologies for better processing and value-addition in the barnyard and other minor millets. At the same time, a change in consumer preference toward small millets with simultaneous development of suitable food products, along with an increase in market price, would fetch better returns for farmers and healthier choices for consumers. Finally, when these challenges are overcome, barnyard millet, being nutritionally sound and environmentally hardy, is going to be a promising crop for sustainable food and nutritional security in future climate scenarios.
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